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Regulation of endothelial cell adhesion by profilin
Nicanor I. Moldovan*, Emily E. Milliken*, Kaikobad Irani*, Jie Chen*, Richard H.
Sohn*, Toren Finkel† and Pascal J. Goldschmidt-Clermont*‡
Background: Although profilin is believed to be an essential regulator of the
actin cytoskeleton in most cells, its precise role in mammalian cells remains
unknown. We have used replication-incompetent adenovirus carrying the human
profilin I cDNA as a means rapidly to increase the concentration of profilin in
human aortic endothelial cells 12–31-fold above baseline — levels never before
achieved in mammalian cells.
Results: The concentration of filamentous actin was not detectably affected by
profilin overexpression. Actin stress fibers were, however, absent from areas of
high profilin content in overexpressing cells, and the bulk of filaments was
located at the periphery of the cells. We observed a gradient in the distribution
of overexpressed profilin in migrating endothelial cells, with most profilin
molecules concentrated near the advancing edge where focal contacts are
being formed and focal adhesion proteins are located. Profilin overexpression
resulted in increased recruitment of fibronectin receptors to the plasma
membrane. Adhesion of endothelial cells to fibronectin was markedly and
selectively increased by profilin overexpression.
Conclusions: We conclude that an important role for profilin in mammalian cells
may be its contribution to the formation of focal contacts, particularly those
involving the fibronectin receptor.
Background
Profilins are ubiquitous cytoplasmic proteins known to have
three ligands: actin monomers, polyphosphoinositides and
poly-L-proline stretches [1]. Depending on the conditions,
profilin either upregulates or downregulates the polymer-
ization of actin monomers [2,3]. Profilin interacts with
membranes by binding to the headgroups of polyphospho-
inositides [4]; this binding can be disrupted in response to
the activation of receptor tyrosine-kinase pathways [5].
Vasodilator-stimulated phosphoprotein (VASP) is the first
well-characterized protein shown to contain a stretch of
proline residues and to bind to profilin [6,7]. VASP is the
main substrate for cAMP- and cGMP-dependent kinases,
and is found in mammalian cells associated with focal
adhesions and profilin [8].
The human genome contains two profilin genes, which
code for profilin I and profilin II [9,10]. Transgenic mice
null for profilin I do not survive past the few-cell embryo
stage [11]. Experiments aiming at changing the concentra-
tion of profilin I in mammalian cells by either microinjec-
tion [12] or conventional cDNA transfection [13] have led
to the conclusion that profilin does interact with actin in
cells and can alter the structure of the actin cytoskeleton.
Beyond this, however, the exact role of profilin in mam-
malian cell biology remains an enigma, despite the fact
that it is essential.
Results
Adenovirus-mediated profilin overexpression
We developed a new model to study profilin in cultured
human aortic endothelial cells. These cells have several
properties that make them suitable for our studies: a rela-
tively low baseline level of profilin (10.6 ± 1.0 mM,
mean ± SEM); a highly structured actin cytoskeleton; and
susceptibility to adenovirus infection. We used a replica-
tion-incompetent adenovirus construct [14] containing the
cDNA for human profilin I to infect endothelial cells and
generate profilin concentrations in these cells that were far
above wild-type levels (Fig. 1a). Using a multiplicity of
infection (MOI) of 40, the profilin concentration was
increased 12–31-fold compared with cells infected at the
same MOI with a control adenovirus containing the cDNA
for b-galactosidase, which was used as a reporter for effi-
ciency of transfection [15]. Overexpression of profilin
could already be detected at 24 hours, reaching a peak
between day 3 and day 5 after infection began. After
washing off the virus, the profilin concentration returned
to baseline within 1 week (Fig. 1b). Overexpressed pro-
filin was functional, as indicated by its ability to bind actin
and poly-L-proline within cellular extracts from infected
cells (Fig. 1c). Profilin overexpression was not toxic to
cells, as neither the proliferation nor apoptosis rates of pro-
filin-overexpressing cells were changed when compared
with cells infected with control virus (data not shown).
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Profilin overexpression and the actin cytoskeleton
In static endothelial cells, profilin overexpression was asso-
ciated with redistribution of the actin cytoskeleton: typical
cell-spanning stress fibers nearly vanished, while actin fila-
ments were abundant within the cortical cytoskeleton (Fig.
2). Consistent with previous results in Chinese hamster
ovary (CHO) cells constitutively overexpressing profilin, the
total actin concentration was not altered by profilin overex-
pression (Fig. 3). However, the changes in relative propor-
tion of monomeric versus filamentous actin resulting from
profilin overexpression in endothelial cells were less pro-
nounced than those observed in CHO cells [13]. The effect
of profilin on actin filaments in endothelial cells is probably
the result of a combination of monomer sequestration and
lowering of the critical concentration [1–3]. The latter effect
is expected, provided that a mixed population of capped
and uncapped filaments is present in these cells.
Profilin distribution was studied in overexpressing cells.
In confluent endothelial cells, overexpressed profilin was
Figure 1
Profilin levels in extracts from cells infected with
the profilin adenovirus or a control b-
galactosidase virus. (a) Western blot showing
that profilin levels increased rapidly after infection
with the profilin-expressing adenovirus, peaking
between day 3 and day 5.The profilin band
(arrow), although present, was not visible in
uninfected cells (day 0) at this exposure. Using
purified recombinant profilin standards (Std) and
densitometric analysis [13], we estimated that
profilin was overexpressed 12–31-fold above
baseline concentration (ranging from 5.9 mM to
15.2 mM). (b) Western blot of extracts from cells
exposed to the virus for four days and then
washed. The cells continued to overexpress
profilin (arrow) for up to 1 week after removing
the virus from the culture medium. (c) The
overexpressed profilin appeared to be native, as
judged by its ability to bind actin and poly-L-
proline in the extracts. Extracts from endothelial
cells infected with either the profilin adenovirus
(A-P) or the b-galactosidase adenovirus (A-bG)
were incubated with poly-L-proline-coated
agarose beads, and the washed beads were
analyzed on SDS-PAGE gels stained with
Coomassie blue [13]. By western blotting of
matching gels, the 43 kDa band (arrowhead) was
shown to correspond to actin and the 14.5 kDa
band (arrow) to profilin (data not shown). The
intensity of the actin band increased in parallel
with the intensity of the profilin band.
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Figure 2
Confocal analysis of confluent human aortic
endothelial cells stained for filamentous actin with
rhodamine–phalloidin (0.2 mM). Cells grown in
complete endothelial-cell growth medium were
infected (MOI of 40) with (a,b) the control b-
galactosidase adenovirus (A-bG) or (c,d) the
profilin adenovirus (A-P) for 1 day, then washed
and maintained in culture for an additional 2 days.
This gives levels of overexpression that are similar
to those seen in cells exposed to the virus
continuously for 3 days (data not shown). Cells
were fixed, permeabilized, stained and confocal
microscopy was performed as reported [26]. (a,c)
Rhodamine–phalloidin staining; (b,d) phase-
contrast images. (e) Profilin overexpression was
confirmed by western-blot analysis of normalized
extracts from matching cell samples. When
compared with control cells, cells overexpressing
profilin contained fewer typical actin stress fibers
and the bulk of actin filaments was located within
the cortical cytoskeleton. Although the density of
actin stress fibers was reduced in profilin-
overexpressing cells, the concentration of
filamentous actin was not detectably different
between the two cell groups (see Fig. 3). Scale
bar = 50 mm.
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found diffusely throughout the cytoplasm (Fig. 4). In
contrast, in migrating cells, profilin molecules were
concentrated within clusters located near the leading edge
of the cells (Figs 4,5). The distribution of profilin in
migrating cells was reminiscent of that observed for tyro-
sine-kinase substrates and for established focal-adhesion
proteins like vinculin ([16]; Figs 4,5). Migrating endothe-
lial cells double-stained for profilin and filamentous actin
were remarkable for the paucity of classic stress fibers in
the areas where profilin molecules were abundant. In the
profilin-rich area of the cell, actin filaments were organized
as irregular and elongated structures concentrated mainly
near the plasma membrane and punctuated by rounded
aggregates of filaments (Figs 4,5). In vitro, profilin is
known both to sequester actin monomers away from fila-
ments whose barbed end is capped, and to downregulate
the critical concentration of filaments whose barbed end is
uncapped. It is thus tempting to speculate, based on the
loss of actin stress fibers in profilin-rich cells, that actin
stress fibers are made of filaments capped at the barbed
end, whereas peripheral actin filaments are uncapped.
Profilin overexpression and adhesion of endothelial cells 
As profilin distribution in migrating endothelial cells over-
lapped at the advancing edge with that of newly formed
focal contacts and colocalized to some extent with vinculin,
we tested the possibility that profilin overexpression
affected endothelial cell adhesion to various extracellular-
matrix proteins. Endothelial cells were detached by limited
proteolysis in the presence of EDTA 3 days after infection
with either the profilin adenovirus or the b-galactosidase
control virus. A constant number of cells was added to the
wells of a 96-well plate either uncoated or coated with
10 mg cm–2 of one of the following extracellular matrix
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Figure 3
Concentration of actin in cell extracts. Cells were grown and infected as for
Figure 2. (a) The amount of filamentous actin was measured in normalized
extracts (n = 5) using a rhodamine–phalloidin assay, as described [13]. (b)
Total actin in normalized extracts was detected by western-blot analysis,
and measured by densitometry (data not shown; [13]). The total actin
concentration was not changed by profilin overexpression.
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Figure 4
Localization of profilin and vinculin in static
and migrating cells. Endothelial cells were
grown and infected with the profilin
adenovirus as for Figure 2. (a–c) Confluent
endothelial cells were stained for (a) human
vinculin, using clone HVIN-1 monoclonal
(1 mg ml–1), and FITC-labeled goat anti-mouse
immunoglobulin (10 mg ml–1) and (b) profilin,
using  the JH44 antibody (1:100 dilution) and
FITC-labeled goat anti-rabbit immunoglobulin
(10 mg ml–1). (c) The edges of the static cells
were drawn from digitized images and
individual cells were numbered. Colocalization
of the two proteins at the level of focal
adhesions was not observed in static cells.
(d,e) In migrating cells, (d) vinculin and (e)
profilin colocalized at the advancing edge. The
staining procedure was as for confluent cells. 
proteins: fibronectin, fibrinogen, collagen IV and vitron-
ectin. Non-adherent cells were washed off after 30 minutes
or 2 hours, and adherent cells were either counted or det-
ected using a fluorescent assay (see Materials and methods).
Overexpression of profilin resulted in increased adhesion of
endothelial cells to fibronectin, both at 30 minutes and 2
hours, and to a lesser extent to collagen IV (Fig. 6). In con-
trast, adhesion to fibrinogen, albumin, plastic (Fig. 6) and
vitronectin (data not shown) was not increased by profilin
overexpression. Together, profilin distribution in migrating
cells and the adhesion data in spreading cells support the
view that profilin contributes to the formation of focal con-
tacts, particularly those involving the fibronectin receptor.
Next, we attempted to elucidate the mechanism mediating
the effect of profilin on endothelial cell adhesion.
Surface recruitment of fibronectin receptor molecules
We measured the density of fibronectin receptors (integrin
a5b1) on the surface of endothelial cells infected with either
the b-galactosidase control adenovirus, or the profilin
adenovirus. The surface density of fibronectin receptors was
increased 2.4-fold in profilin-overexpressing cells over the
level in control infected cells, as measured by anti-a5 anti-
bodies (Fig. 7a). Similar data were obtained for the b1
subunit of the fibronectin receptor (data not shown). We
tested whether it was the recruitment of fibronectin recep-
tors to the cell surface, or an effect of profilin on receptor
expression, that was responsible for the higher surface
density. After permeabilization of the cell membrane with
saponin to allow entry of antibodies into the cytoplasm,
there was no detectable effect of profilin overexpression on
the total number of receptor molecules per cell (Fig. 7b). In
control experiments where the first antibody was omitted,
only background fluorescence was measured (Fig. 7a).
These results support the hypothesis that profilin overex-
pression improves endothelial cell adhesion to fibronectin
by promoting the recruitment of receptor molecules to the
surface of these cells.
Discussion
Our data indicate that profilin increases adhesion of
endothelial cells to the extracellular matrix by enhancing
the interaction of extracellular fibronectin with its receptor
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Figure 5
Distribution of actin and overexpressed profilin
in migrating endothelial cells. Cells were
grown to confluence and infected as in Figure
2. The confluent monolayers of infected cells
were scraped through the midline of the plate
with a glass micro-tip (the scratch is located
at the top of each panel and cells were
moving in the direction of the arrow). Cells
were allowed to migrate for 2 h across the
empty plastic left by the scraping procedure,
at which point they were fixed, permeabilized
and stained for (a,c) profilin using the JH44
antibody (as in Fig. 4), and for (b,d)
filamentous actin (as in Fig. 2). The density of
stress fibers was inversely related to the
overexpression of profilin, and stress fibers
were observed in motile cells almost
exclusively in areas of the cells where profilin
was undetectable. The micrographs show
representative cells from four separate
experiments; more than 100 cells were
examined per experiment for both the profilin-
overexpressing and control cells. Controls for
these experiments included slides where the
profilin antibody was omitted.
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on the surface of these cells. Moreover, this effect of pro-
filin appears to be mediated by the recruitment of integrin
a5b1 to the endothelial cell surface. Both profilin I and
a5b1 integrin binding to fibronectin are necessary for the
survival of mammalian cells [11,17–19]. More experiments
are, however, necessary to demonstrate that the essential
function of profilin in mammalian cells is its recruitment
of fibronectin receptors.
Several mechanisms may account for the effect of profilin
on surface recruitment of a5b1. The density of receptor
molecules on the surface of cells reflects the balance
between processes that bring new receptors to the plasma
membrane and processes that lead to the endocytosis of
these receptors. Profilin might increase the access of
receptor molecules to the cell surface. Alternatively,
profilin might impair the internalization of membrane
receptors. A possible mechanism to account for the
increased surface receptor expression is suggested by the
effect of profilin overexpression on the actin cytoskeleton
of endothelial cells. For example, by disrupting actin
stress fibers, profilin might reduce receptor internaliza-
tion; alternatively, profilin might provide a stronger
anchor for fibronectin receptor molecules within focal
contacts by stabilizing actin filaments that are not stress
fibers [13]. The transient association of profilin with focal
contacts could be mediated by its interaction with VASP
[6]. In this model, it is not clear why VASP targeting of
profilin would be directed preferentially towards focal
contacts containing the fibronectin receptor, unless the
Figure 6
Effect of profilin overexpression on endothelial cell adhesion. Human
aortic endothelial cells were infected with either the profilin adenovirus
(A-P) or the b-galactosidase adenovirus (A-bG) as indicated for Figure 2.
Adhesion of profilin-overexpressing cells to fibronectin was increased by
1.6-fold at 30 min and 1.9-fold at 120 min compared with cells infected
with the b-galactosidase adenovirus. The data correspond to mean
rhodamine fluorescence of cells after rhodamine–phalloidin staining of
four wells per condition (vertical bars: standard deviation of the mean).
Cell counts and anti-factor VIII fluorescence data obtained in the same
wells were consistent with the rhodamine fluorescence data (data not
shown). Similar results were obtained in four separate experiments.
Controls for these experiments included wells where the first antibody
(anti-factor VIII related antigen) was omitted, wells without cells, and
wells without rhodamine phalloidin or other fluorescent probes.
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The effect of profilin overexpression on fibronectin receptor density. 
(a) A flow cytometric assay was used to measure the density of
fibronectin receptor molecules on the surface of intact endothelial cells
overexpressing profilin (A-P; shaded line). The receptor density was
increased 2.4-fold compared with cells infected with the
b-galactosidase adenovirus (A-bG; solid line). In the absence of first
antibody (anti-a5), only background fluorescence was detected
(control; dotted line). (b) After permeabilization to allow the entry of
antibodies and measurement of the total quantity of receptors, no
difference in cellular receptor concentration could be detected
between cells infected with b-galactosidase or profilin adenoviruses.
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association of VASP with focal contacts is higher for those
adhesion sites that contain fibronectin receptors.
The effect of profilin on fibronectin receptor distribution
might be independent of its interaction with actin. Profilin
binds to phosphatidylinositol bisphosphate (PIP2) and
inhibits its hydrolysis by phospholipase C [4,5,20]. Inhibi-
tion of PIP2 hydrolysis might act in synergy with Rho-acti-
vated phosphatidylinositol-phosphate 5-kinase (PIP-5K) to
increase the amount of PIP2 in cells adhering to fibronectin
[21–23]. In turn, higher concentrations of PIP2 could
promote the stabilization of newly formed focal contacts
involving the fibronectin receptor through an unknown
mechanism regulated by the presence of PIP2. It is possi-
ble that the presence of additional PIP2 molecules would
enhance crosslinking of actin filaments by a-actinin [24], a
major cytoskeletal component of focal contacts, thereby
strengthening the superstructure supporting adhesion of
the cells overexpressing profilin. Alternatively, overex-
pressed profilin could outcompete other actin-binding pro-
teins for binding to PIP2 and thereby promote their
interaction with actin filaments [25].
Conclusions
Our study provides evidence that transient overexpression
of profilin in endothelial cells using replication-incompetent
adenovirus improves adhesion of these cells to extracellular
matrices containing fibronectin. The characterization of the
precise mechanism responsible for increased adhesion to
fibronectin mediated by profilin will require further studies,
but seems to involve the recruitment of fibronectin receptor
molecules to the cell surface. Interestingly, the survival of
endothelial cells is exquisitely dependent on their anchor-
age to extracellular matrix proteins. Inhibition of endothe-
lial cell adhesion has been shown to lead to apoptosis of
these cells [17–19]. The enhancement of endothelial cell
adhesion mediated by profilin might be protective in situa-
tions where shear, stretch and other focal injuries disrupt
the stability of focal contacts.
Materials and methods
Materials
Aortic endothelial cells (human), culture medium (endothelial growth
medium) and supplements (bovine brain extract, hydrocortisone, penicillin
and streptomycin) were supplied by Clonetics and used according to the
manufacturer’s recommendations. The profilin antibody (JH44) was gen-
erously provided by Donald A. Kaiser and Thomas D. Pollard. The mono-
clonal antibody against human vinculin (clone HVIN-1) was from Sigma.
Fluorescent goat anti-rabbit immunoglobulin and goat anti-mouse
immunoglobulin were from Hyclone. The anti-factor VIII related antigen
(goat anti-human) antibody was from Incstar. The anti-a5 (CD49e) anti-
body was from Upstate Biotechnology, and the anti-b1 (clone P4C10)
antibody was from Gibco BRL. The anti-actin monoclonal antibody (clone
C4 from ICN) was used for western blots. Rhodamine–phalloidin used for
staining filamentous actin was from Molecular Probes.
Adenovirus-mediated profilin overexpression
A replication-incompetent adenovirus was engineered to carry the cDNA
for human profilin I. A profilin cDNA and an upstream cytomegalovirus
promoter were cloned into a shuttle plasmid (pS5-profilin). The shuttle
plasmid (5 mg) was cotransfected with pJM17 (15mg), a 40 kb pBR322
derivative containing a complete dl309 Ad5 genome, into the cell line
NRK 293 [14,15]. Plaques formed via homologous recombination were
expanded and screened by PCR. Clones positive for the profilin insert
were expanded in NRK 293 cells, purified on a cesium chloride gradient,
titrated and then used for infection. The control b-galactosidase aden-
ovirus was described previously [15]. Human profilin overexpression in
human aortic endothelial cells was obtained using various MOI (from 1 to
100 viral particles per cell). At a MOI of 50, nearly 100 % of the cells
expressed the transfected gene product at high levels (judged by
immunohistochemistry). Higher MOI induced signs of toxicity in the trans-
fected cells both with b-galactosidase and profilin adenoviruses. For the
experiments described in this paper, we used a MOI of 40. 
Adhesion assay
At the end of 3 days following infection with the profilin or control
adenovirus, trypsinized cells were plated (105 per well) in the wells of a
96-well plate either uncoated (plastic) or pre-coated with 10 mg cm–2
of one of the following extracellular-matrix proteins: fibronectin, colla-
gen IV, fibrinogen or vitronectin. Cells were allowed to adhere for 30 or
120 min, then plates were washed and fixed with 3.7 % formaldehyde
in phosphate-buffered saline (PBS). Adherent cells were permeabilized
and stained with rhodamine–phalloidin (0.6 mM), with anti-factor VIII
related antigen (goat anti-human, 25 mg ml–1) antibody, and fluorescein
isothiocyanate (FITC)-labeled rabbit anti-goat immunoglobulin
(50 mg ml–1), or were counted under the microscope. Fluorescence
was measured in a CytoFluor 2300 (Millipore). The data correspond to
mean fluorescence of four wells per condition (vertical bars, standard
deviation of the mean). Cell counts, rhodamine–phalloidin and factor
VIII fluorescence data obtained for individual wells were all consistent.
The experiment was repeated four times.
Confocal microscopy
Fixed cells on cover slips were permeabilized using 0.2 % Triton X-
100, and F-actin was stained with rhodamine-phalloidin (0.2 mM), in
excess of the saturating concentration. Confocal microscopy was
carried out using a BioRad MRC 600, and rhodamine fluorescence
was detected with a BioRad GHS filter block. Sequential images (z-
series) represent slices ~1.5 mm thick and 1 mm apart in the z-plane.
Images were stored on an optical disc, and false-color hard copies
were generated on a color video printer.
Flow cytometric assay for the detection of integrin a5 and b1
Human aortic endothelial cells grown to confluency were infected with
b-galactosidase or profilin adenoviruses at an MOI of 50 for 24 h, then
cultured for another 48 h without virus. The cells were harvested by
treatment with 0.05 % trypsin (w/v) and 1 mM EDTA, washed twice
with PBS, then fixed for 10 min with 3 % freshly prepared
paraformaldehyde in PBS, at room temperature. After two additional
washes with PBS, the cells were incubated with anti-a5 (CD49e,
10 mg ml–1, 30 min, 4 °C) or anti-b1 (P4C10, 10 mg ml–1) mouse mono-
clonal antibodies in Hanks’ balanced salt solution (HBSS) containing
either 2 % bovine serum albumin (BSA) (for surface staining) or 0.3 %
saponin (for total staining). Next, after two washes, the cells were incu-
bated for 30 min with anti-mouse immunoglobulin fluorescein-conju-
gated antibody (10 mg ml–1) in HBSS supplemented with either 2 %
BSA or 0.1 % saponin. As controls, cells were processed similarly, but
the primary antibody was omitted. Fluorescence was measured in a
FACScan flow cytometer (Becton Dickinson), calibrated with Quantum
26 fluorescein-labeled microbeads (Flow Cytometry Standards Corp.),
and data were processed using the CellQuest research software
program (Becton Dickinson). The data were displayed as cell number
(ordinate) versus fluorescence (log scale).
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